


•  LLRF	
  Team	
  
•  General	
  RF	
  Control	
  Requirements	
  

– CW	
  Linac	
  

– Pulsed	
  Linac	
  
•  Present	
  LLRF	
  Design	
  

– Results	
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  Treptow	
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In	
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•  LINAC	
  
–  Low	
  Energy:	
  5	
  sta>ons	
  	
  

•  2009	
  upgrade	
  with	
  MFCs	
  
–  High	
  Energy:	
  5	
  sta>ons	
  

•  Main	
  injector	
  
–  LLRF	
  and	
  Mid	
  Level	
  RF,	
  

Comb	
  Filters	
  in	
  18	
  PA	
  sta>ons,	
  	
  

•  Tevatron	
  

•  Recycler	
  

•  e-­‐	
  cool	
  BPM	
  

•  Accumulator	
  BPM	
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•  New	
  Muon	
  Lab,	
  ILCTA	
  
–  CM1	
  (8x	
  SRF	
  cavity	
  cryomodule),	
  2010	
  
–  expandable	
  to	
  24	
  cavi>es	
  (3	
  cryomodules)	
  

•  Capture	
  Cavity	
  2	
  
–  1.3	
  GHz	
  SRF	
  cavity,	
  2x	
  LLRF	
  systems,	
  2007-­‐09	
  

•  High	
  Intensity	
  Neutrino	
  Source	
  
–  LLRF	
  for	
  325	
  MHZ	
  RFQ	
  with	
  beam,	
  2009	
  
–  LLRF	
  for	
  325	
  MHz	
  SRF	
  single	
  spoke	
  resonator,	
  

2010,	
  	
  CW	
  high-­‐Q	
  and	
  pulsed	
  lower-­‐Q	
  

–  Six	
  room	
  temperature	
  cavity	
  linac	
  with	
  ferrite	
  
vector	
  modulators,	
  2011	
  

•  Horizontal	
  Test	
  Stand	
  
–  1.3	
  GHz	
  and	
  3.9	
  GHz	
  SRF	
  cavi>es,	
  2007-­‐2011	
  

•  A0	
  photo	
  injector	
  lab	
  
–  1.3	
  GHz	
  SRF	
  cavity	
  with	
  gun	
  
–  3.9	
  GHz	
  cavity	
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β=0.11	
   β=0.22	
   β=0.4	
   β=0.61	
   β=0.9	
  

325	
  MHz	
  
2.5-­‐160	
  MeV	
  

β=1.0	
  

1.3	
  GHz	
  
3-­‐8	
  GeV	
  

650	
  MHz	
  
0.16-­‐3	
  GeV	
  

Sec&on	
   Freq,	
  
MHz	
  

Energy,	
  
MeV	
  

Cav/CM	
   Max	
  gain	
  per	
  
	
  cavity	
  (MeV)	
  

RF	
  PA	
  power	
  with	
  
overhead	
  (kW)	
  

RFQ	
   162.5	
   2.5	
   1	
   2.5	
   100	
  to	
  150	
  

SSR0	
  (βG	
  =0.11)	
   325	
   2.5-­‐10	
   18/1	
   0.844	
   1.2	
  to	
  1.5	
  

SSR1(βG	
  =0.20)	
   325	
   10-­‐42	
   20/2	
   2.04	
   2.9	
  to	
  3.3	
  

SSR2(βG	
  =0.40)	
   325	
   42-­‐159	
   40/4	
   3.32	
   4.5	
  to	
  5.5	
  

LB	
  650(βG=0.61)	
  	
   650	
   159-­‐457	
   36/6	
   11.6	
   15.5	
  to	
  25	
  

HB	
  650(βG=0.90)	
  	
   650	
   457-­‐3000	
   160/20	
   17.7	
   23	
  to	
  27	
  

Pulsed	
  1.3(βG=1)	
  	
   1300	
   3000-­‐8000	
   224/28	
   25	
   40/640	
  to	
  50/800	
  

PA	
  power	
  
is	
  topic	
  for	
  	
  
discussion	
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•  Resonance	
  Control	
  working	
  group	
  tasked	
  with	
  developing	
  
a	
  plan	
  forward	
  
–  Push	
  all	
  microphonic	
  disturbances	
  down	
  	
  

•  dP	
  -­‐	
  Cryogenics	
  
•  	
  dF/dP	
  –	
  Cavity	
  design	
  

–  Allow	
  for	
  realis>c	
  levels	
  of	
  LFD	
  compensa>on	
  but	
  aiempt	
  to	
  not	
  
be	
  dependent	
  on	
  it	
  

–  Where	
  costs	
  of	
  RF	
  power	
  are	
  low,	
  lower	
  the	
  Q	
  as	
  much	
  as	
  is	
  
reasonable	
  (325	
  MHz)	
  

–  The	
  high	
  beta	
  650	
  MHz	
  cavi>es	
  make	
  up	
  the	
  bulk	
  of	
  the	
  CW	
  
linac	
  	
  (18x	
  	
  -­‐	
  	
  this	
  should	
  be	
  our	
  main	
  focus	
  for	
  now)	
  

•  Efficiency	
  is	
  a	
  bigger	
  issue	
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SSR1 with Narrow Bandwidth Coupler 
•  Initial cold tests of SSR1 

using CW provided an 
opportunity to gain  
experience with a very narrow 
bandwidth cavity 

–  Test Conditions 
•  4.5K 
•  Cavity bandwidth of about 1.5 Hz 
•  df/dP  ~= 140 Hz/torr 
•  dPPTP~=5 torr 
•  LLRF tracking resonant frequency 

of cavity 

–  Detuning control system 
•  100 kHz digitizer measured RF 

frequency offset from an 
arbitrary set point 

•  FPGA  fed Δf back to fast tuner 

•  Reduced pressure related 
variations in cavity 
frequency from several 
hundreds Hz to  

Δf <= 1.3 Hz RMS 

Please see Microphonic talk by Yuriy Pischainikov in Cavity WG 
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Slow	
  fill	
  
	
  Long	
  pulse	
  

Phase	
  track	
  off	
  

4	
  ms	
  fill	
  
13	
  ms	
  flaiop	
  
Phase	
  tracking	
  on	
  
Ql	
  =	
  1e7	
  

Cavity	
  phase	
  rolls	
  away	
  
from	
  drive	
  vector	
  during	
  
fill.	
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Slow	
  fill	
  
	
  Long	
  pulse	
  

Phase	
  track	
  on	
  

1mA	
  
4	
  ms	
  fill	
  
13	
  ms	
  flaiop	
  
Phase	
  tracking	
  on	
  
Ql	
  =	
  1e7	
  
32kW	
  

Phase	
  trajectory	
  
programming	
  with	
  a	
  slow	
  
fill	
  allows	
  cavity	
  to	
  detune	
  
without	
  ringing	
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•  Master	
  Oscillator	
  Output	
  Frequencies	
  
	
  	
  	
  	
  	
  	
  	
  Reference	
  	
  	
  	
   	
   	
  LO	
  

1300.00	
  MHz 	
   	
  1313.00	
  MHz	
  
650.00	
  MHz 	
   	
  663	
  MHz	
  
325.00	
  MHz 	
   	
  338	
  MHz 	
  	
  
162.50	
  MHz 	
   	
  175.5	
  MHz	
  

–  Phase	
  drio	
  between	
  outputs 	
   	
  	
  	
   	
   	
  	
  <	
  250	
  fs	
  
–  Integrated	
  phase	
  noise	
  100Hz	
  to	
  100kHz	
  @	
  1.3	
  GHz	
   	
   	
  	
  <	
  60fs	
  
–  All	
  outputs	
  10dBm	
  
–  Allow	
  for	
  main	
  1300	
  MHz	
  drive	
  amp	
  to	
  be	
  inside	
  PLL	
  circuit	
  

/2	
  
	
  1300	
  MHz,	
  13MHz	
  

663	
  

Master	
  Oscillator	
   1313	
  

	
  650	
  MHz	
  	
  325	
  MHz	
  	
  162.5	
  MHz	
  
/4	
  /8	
  

338	
  175.5	
  

Beam	
  Chopper	
  
Timing	
  Generator	
   Master	
  Oscillator	
  Recycler	
  RF	
  

Beam	
  chop	
  paiern	
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RF	
  Frequencies	
   162.5,325,650,1300	
  MHz	
  

IF	
  Frequency	
   13.0	
  MHz	
  

Channel	
  isola>on	
   >80dBc	
  

Input	
  	
  Receiver	
  power	
   10dBm	
  F.S.	
  

Receiver	
  IF	
  output	
   6dBm	
  F.S.	
  

Receiver	
  notch	
   26	
  MHz	
  

Integrated	
  Phase	
  Noise	
   ~2	
  fs	
  

Transmiier	
  inputs	
   13	
  MHz	
  I-­‐Q,	
  0	
  dBm	
  

RF	
  inhibit	
  gate	
  isola>on	
   40dB	
  

Transmiier	
  output	
   RF	
  frequencies	
  at	
  +13dBm	
  

16	
  Project	
  X	
  Collabora>on	
  Mee>ng	
  @	
  SNS	
  April	
  2011	
  	
  	
  	
  	
  	
  B.	
  Chase	
  



•  Many	
  simula>on	
  efforts	
  in	
  progress	
  
–  Single	
  cavity	
  RF	
  	
  
– Mul>cavity	
  RF	
  
– Main	
  Linac,	
  star>ng	
  with	
  3	
  to	
  8	
  GeV	
  sec>on	
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100%	
  Beam	
  Current	
  Modula>on	
  
Knowledge	
  of	
  structure	
  allows	
  Feedforward	
  Correc>on	
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•  LLRF	
  Team	
  
•  General	
  RF	
  Control	
  Requirements	
  

– CW	
  Linac	
  

– Pulsed	
  Linac	
  
•  Present	
  LLRF	
  Design	
  

– Results	
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VXI	
  CPU	
  &	
  
3	
  R3MFC	
  Controllers	
  

Master	
  Oscillator	
  

Receivers	
  and	
  Up-­‐converters	
  

Power	
  Supplies	
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•  RF,	
  LO,	
  IF	
  	
  
•  Programmable	
  outputs	
  
•  Timing	
  reference	
  
•  1.3	
  GHz	
  
•  <140	
  fs	
  integrated	
  jiier	
  	
  (1Hz–10MHz)	
  

1.3 GHz Master Oscillator
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-80

100 1000 10000 100000
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as

e 
N

oi
se

 [d
B

c/
H

z]

RMS jitter  46.1 fs   (0.0216 deg) 
integrated from 100 Hz to 100 kHz 
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8	
  Ch	
  ADCs	
  

AD	
  9010	
  Clk	
  

DSP	
  

FPGA	
  

8	
  Ch	
  ADCs	
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  X	
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Pulsed	
  linac	
  data	
  rate	
  
224	
  cav,	
  3	
  signals/cav,	
  8ms,	
  
1MSPS,	
  10Hz	
  =	
  100	
  MB/s	
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Individual	
  Cavity	
  and	
  FFT	
  Display	
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x1	
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x10	
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x100	
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5	
  minutes	
  data	
  	
  

average	
  

±	
  0.05%	
  	
  	
  2Pk	
  

NOTE:	
  	
  ini>al	
  transient	
  would	
  be	
  
damped	
  by	
  actual	
  beam	
  loading	
  

RMS	
  =	
  0.015	
  %	
  

KP	
  =	
  128	
  
KI	
  =	
  2e6	
  

KP	
  =	
  30	
  
KI	
  =	
  0	
  

±	
  0.06	
  deg	
  	
  	
  2Pk	
  
0.017	
  deg	
  	
  	
  RMS	
  

KP	
  =	
  128	
  
KI	
  =	
  2e6	
  

KP	
  =	
  30	
  
KI	
  =	
  0	
  

average	
  

5	
  minutes	
  data	
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±	
  0.025	
  %	
  	
  	
  p2p	
  
	
  0.009	
  %	
  	
  	
  RMS	
  

Amplitude	
   Phase	
  

average	
   average	
  

5	
  minute	
  data	
   5	
  minute	
  data	
  

±	
  0.02	
  deg	
  	
  	
  p2p	
  
0.005	
  deg	
  	
  	
  RMS	
  

Cavity	
  signal	
  

Receiver	
  

PSD	
  of	
  Flacop	
  Waveforms	
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CM1	
  –	
  cavity	
  3	
  

Impact	
  of	
  Kp	
   Impact	
  of	
  Ki	
  

Ki	
  =	
  0	
   Kp	
  =	
  128	
  

~	
  5	
  MV	
  disturbance	
  

Feedforward	
  will	
  reduce	
  
Error	
  by	
  an	
  addi>onal	
  20dB	
  



NML	
  Installed	
  System	
  Long	
  Term	
  (1	
  week)	
  Phase	
  Stability	
  Test	
  	
  

0.25	
  deg/div	
  
0.2	
  degPP	
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Phase Error Due
 to Amplitude Unbalance

...
FWD REFL FWD REFL

Tap #1 Tap #N

7/8" LCF78 – 50J

Amplitude
 Unbalance

FWD

REFL

Vector Sum
(FWD+REFL)

1dB _  ~ 0.02°REFL+FWD REFL+FWD

Atten . Atten . Atten . Atten .

0.46ppm /°K

-4.5dB/100m

 < 0.001° (_ L = 0.23mm) phase change between 
taps over L = 100m with 5°K temp. change

L

Regulate	
  phase	
  of	
  Tap#1	
  to	
  regulate	
  
the	
  en>re	
  line.	
  

Control	
  by	
  phase	
  shio	
  of	
  forward	
  
power	
  or	
  temperature	
  control	
  of	
  
Line.	
  

Temperature Coefficient of Electrical Length

LCF78-50J -TC
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0.025	
  deg	
  

20	
  F	
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•  Field	
  control	
  issues	
  are	
  well	
  understood	
  and	
  
current	
  LLRF	
  systems	
  perform	
  well	
  
– Controllers,	
  receivers,	
  Master	
  Oscillator,	
  Reference	
  
Line	
  

•  Resonance	
  control	
  looks	
  promising	
  –	
  
– Performance	
  is	
  very	
  dependent	
  on	
  cavity	
  design	
  
– Piezo	
  tuners	
  need	
  con>nued	
  R&D	
  to	
  prove	
  reliability	
  
– Brute	
  force	
  RF	
  overpowering	
  of	
  microphonics	
  is	
  too	
  
expensive	
  -­‐	
  ac>ve	
  compensa>on	
  	
  work	
  

•  More	
  Linac	
  longitudinal	
  simula>on	
  efforts	
  are	
  
needed	
  to	
  fully	
  understand	
  requirements	
  

39	
  Project	
  X	
  Collabora>on	
  Mee>ng	
  @	
  SNS	
  April	
  2011	
  	
  	
  	
  	
  	
  B.	
  Chase	
  



Working	
  Group	
  3	
  
Project	
  X	
  RF	
  Systems	
  

40	
  Project	
  X	
  Collabora>on	
  Mee>ng	
  @	
  SNS	
  April	
  2011	
  	
  	
  	
  	
  	
  B.	
  Chase	
  



Morning	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Aoernoon	
  

Project	
  X	
  Collabora>on	
  Mee>ng	
  @	
  SNS	
  April	
  2011	
  	
  	
  	
  	
  	
  B.	
  Chase	
   41	
  

SLAC	
  Project-­‐X	
  RF	
  Power	
  Program	
  
C.	
  Adolphsen	
  



42	
  Project	
  X	
  Collabora>on	
  Mee>ng	
  @	
  SNS	
  April	
  2011	
  	
  	
  	
  	
  	
  B.	
  Chase	
  


